Single crystals of EuGa 2 Pn 2 (Pn=P, As) were grown from a molten Ga flux and characterized by single-crystal X-ray diffraction at 100(1) K. They are isostructural and crystallize in a new structure type (monoclinic, P2/m, a = 9.2822(9) Å , b=3.8967(4) Å , c=12.0777(11) Å , β=95.5220(10)°, R1 = 0.0148, wR2 = 0.0325 (EuGa 2 P 2 ) and a = 9.4953(7) Å , b = 4.0294(3) Å , c = 12.4237(9) Å , β = 95.3040(10)°, R1 = 0.0155, wR2 = 0.0315 (EuGa 2 As 2 )). The structures consist of alternating layers of two-dimensional Ga 2 Pn 2 anions and Eu cations. The anion layers are composed of Ga 2 Pn 6 staggered, ethane-like moieties having a rare Ga-Ga bonding motif; these moieties are connected in a complex fashion by means of shared Pn atoms. Both structures show small residual electron densities that can be modeled by adding a Eu atom and removing two bonded Ga atoms, resulting in structures (<2%) where most of the atoms are the same, but there is a difference in bonding that leads to one-dimensional ribbons of parallel Ga 2 Pn 6 staggered, ethane-like moieties. The compounds can be understood within the Zintl formalism, but show metallic resistivity. Magnetization measurements performed on single crystals show low-temperature magnetic anisotropy as well as multiple magnetic ordering events that occur at and below 24 and 20 K for the phosphorus and arsenic analogs, respectively. The magnetic coupling between Eu ions is attributed to indirect exchange via an RKKY interaction, which is consistent with the metallic behavior. The compounds display large negative magnetoresistance of up to -80 and -30%
Introduction
Zintl phases are defined as valence-precise compounds of the heavier main group elements where there is complete charge transfer from highly electropositive elements, generally Group 1 or 2 metals, to more electronegative main group elements, generally from Groups 13-15. 1-3 Resulting from the myriad ways in which these elements can fill their valence, through ionic bonding, homo-or heteroatomic covalent bonding, lone pairs, etc., Zintl phases exhibit significant structural diversity. Thus, a very large number of examples of Zintl phases containing homo-or heteropolyanions (1-, 2-, or 3-dimensional), as well as discrete anions (0-dimensional), have been synthesized and structurally characterized. In the preparation of these compounds, the outcome depends on many factors, such as the elements involved (relative electronegativities, sizes), the stoichiometry and concentration of reagents, and the reaction temperature and event profile (which provide some degree of both thermodynamic and kinetic control over product identity/distribution). [4] [5] [6] [7] [8] Thus, by careful consideration of the reaction parameters, the potential for structural diversity leads to endless imaginable compositions and structure types that adhere to the original Zintl formalism. This formalism has since been expanded to include transitionor rare-earth metal analogues of main group phases. It should be noted that the specific combinations of structural features observed in traditional Zintl phases are often responsible for their useful materials properties. These features include closed-shell electron configurations, propensity to form catenated structures, large unit cells, structural complexity, and topological variety, as well as heavy-element compositions. Recently, Zintl phases have been recognized as a new class of important materials for thermoelectric applications, where the efficiency of thermal and electrical conductivity relies simultaneously on many of the aforementioned structural features. [11] [12] [13] Rare-earth analogues of alkali or alkaline-earth Zintl phases achieve the same complexity and variety as their main-group counterparts, but the replacement of magnetically inert cations with potentially high magnetic moment metal cations can lead to interesting magnetic ordering or magneto-electronic properties in these phases in addition to the more traditional properties. Magnetoresistance (MR) has been observed in several rare-earth Zintl analogues. 6, [8] [9] [10] [14] [15] [16] [17] It is thought that the MR behavior of rare-earth-containing Zintl phases originates from interactions between the localized magnetic moment on the rare-earth cations and the delocalized conduction electrons of the Zintl polyanions. Such materials could be useful in magnetic storage applications. Additionally, magnetic coupling interactions, such as ferromagnetism and antiferromagnetism, frequently occur in these compounds, even though the magnetic cations are often separated by large distances. These magnetic ordering interactions are often anisotropic with respect to crystal structure and material orientation, leading to deductions about magnetocrystalline structure as well as to crystal structure/magnetic property correlations. 6, [8] [9] [10] [11] [12] [13] [14] Correlated measurements of resistivity, magnetic anisotropy, and structure are aided by the ability to grow large, high-quality single crystals of Zintl phases by employing a high-temperature flux growth method, with slow cooling to promote growth of larger crystals and centrifugation to remove the molten flux above its melting point. The use of both reactive (incorporated in product) and nonreactive (not incorporated in product) fluxes as a technique for synthesizing large, high-quality single crystals has been reviewed in the literature. 4, 5 Exploration of the ternary A-Ga-Pn phase diagrams (A = electropositive element, Pn = pnicogen) using a reactive Ga flux may reveal new structure types that are of particular interest because superconductivity, heavy fermion behavior, and magnetoresistance have been discovered in several different Zintl and intermetallic structure types. Many of these interesting properties are found in materials of composition AM 2 X 2 (M = transition or main group element, X=Group 13-15 element), which is a particularly diverse structural class. 8, 14, [18] [19] [20] [21] [22] Recent discovery of colossal magnetoresistance (CMR) in several of the magnetically ordering AM 2 X 2 compounds (e.g., EuIn 2 P 2 and EuIn 2 As 2 ), 8, 14 provides incentive for additional research into these types of compounds in order to provide correlations between material composition, structure, and the observed electrical, magnetic, and/or magneto-electronic properties.
Here we present two new, europium-containing Zintl phases of stoichiometry EuGa 2 Pn 2 (Pn = P, As). These two compounds exhibit an unusual and novel structure type for intermetallic compounds with stoichiometry AM 2 X 2 , as well as large negative magnetoresistance. For these phases, there are currently no known main group analogues. The magnetic and charge-transport properties of these low-symmetry, monoclinic EuGa 2 Pn 2 phases are compared to their hexagonally symmetric indium analogues, EuIn 2 Pn 2 (Pn = P, As), 8, 14 as well as to other metallic magnetoresistive compounds. Trends in the effects of element composition and crystal structure on the observed magnetoresistance are discussed.
Experimental Section
Materials. All reagents were handled under an inert atmosphere, either N 2 or Ar. Eu ribbon (3 mm, 99.999%, Ames Lab) was first brushed to remove the oxidized layer and then cut into small pieces. Crushed elemental As (polycrystalline lump, 99.9999þ% puratronic, J. Matthey), Ga (6 mm pellets, 99.9999%, Alfa Aesar), and red phosphorus (polycrystalline lump, 99.9999þ% puratronic, J. Matthey) were used as received.
Synthesis. EuGa 2 P 2 was synthesized using a 3:150:6 (Eu:Ga: P) molar ratio of the elements (11 g total wt.). In this reaction, Ga is both a reactant and a flux. The elements were loaded into a 5 mL alumina crucible in the order: Ga, Eu and P, Ga. The crucible, held in place between two layers of tightly packed quartz wool, was subsequently sealed under ∼1/5 atm Ar in a fused silica ampule. The reaction vessel was then heated in a box furnace in an upright position. The reaction contents were heated to 1100°C, kept at this temperature for 16 h, cooled to 600°C at 2°C/h, and finally centrifuged to remove molten flux at 600°C. The ampule was broken in air to reveal large, silver parallelpipeds of EuGa 2 P 2 as the sole reaction product. EuGa 2 As 2 was synthesized in an analogous procedure from a reactive Ga flux, with a 3:51:6 (Eu:Ga:As) molar ratio of the elements (10 g total weight). The sealed ampule was heated at a rate of 60°C/h to 1100°C and maintained at this temperature for 6 h before it was cooled, at a rate of 200°C/h, to 850°C. The reaction vessel was maintained at 850°C for 6 h before it was slow-cooled, at a rate of 1°C/h, to 500°C, at which point it was removed from the furnace, inverted, and centrifuged to remove the flux. The vessel was subsequently broken in air to reveal large, silver parallelepipeds of EuGa 2 As 2 as the sole crystalline product.
Crystal Structure Determination. X-ray intensity data were collected on suitable single crystals of EuGa 2 Pn 2 (Pn=P, As) at 100(1) K using a Bruker SMART APEXII CCD-based diffractometer (Mo KR radiation, λ = 0.71073 Å ).
23 Raw data frame integration and Lorentz and polarization corrections were performed using the SAINTþ program. 23 The data were corrected for absorption effects based on fitting a function to the empirical transmission surface, as sampled by multiple equivalent reflections with the program SADABS. 23 Direct methods structure solution and full-matrix least-squares refinement against F 2 were performed with SHELX. 24 X-ray data collection and structure refinement details for the compounds are listed in Table 1 .
EuGa 2 P 2 and EuGa 2 As 2 crystallize in primitive, monoclinic unit cells. There are no systematic reflection absences. This presents a choice of the three space groups P2, Pm, and P2/m. The structures were successfully solved and refined with P2/m. All atoms were refined with anisotropic atomic displacement parameters. For both EuGa 2 P 2 and EuGa 2 As 2 , significant residual electron density (approximately 4 e Å -3
) remained after refinement. To rule out the possibility that this was sample specific, we collected additional data sets from different crystals. The residual density is a property of all measured crystals.
The residual electron density in both structures is located at corresponding crystallographic sites, at the midpoint of the Ga(2)-Ga(3) bond. Inclusion of the residual peak as a partial Eu atom led to a drop in R from 0.020 to 0.015 for the phosphide analog, so it is clearly part of the structure. The location of an extra Eu atom in the center of the Ga-Ga bond requires the removal of the corresponding Ga atoms. This was expected to be discernible from refined Ga occupancies. The occupancies of the relevant atoms were first individually refined. For the P compound, the occupancy of the partial Eu atom refined to 1.8%, and the occupancies of each of the partially displaced Ga atoms refined to 98.2%, all with small uncertainties. Occupancies of other Ga atoms refined to 100%, within narrow uncertainties. In the final refinements the occupancies were coupled to refine as one single variable, again leading to a substitution of 1.8%. This substitution by Eu for a pair of Ga atoms in the major structure (EuGa 2 P 2 ) leads to a new structure with crystallographic composition Eu 3 Ga 2 P 4 . A corresponding treatment of the EuGa 2 As 2 data indicates a 1.4% substitution by Eu to give the Eu 3 Ga 2 As 4 structure. Other refinement models where the residual density was assigned to either Ga or Pn did not provide reasonable bond distances and angles. However, with Eu as the substituting atom, the bond distances (Eu-Pn) and angles (Pn-Eu-Pn) for the Eu(4P) atoms are comparable to those observed in the unambiguous EuPn 6 polyhedra (see Table 3 ), further supporting this assignment.
X-ray Powder Diffraction. Representative samples from each reaction were ground to fine powders in air using an agate mortar and pestle. Powder diffraction patterns were collected in air on an INEL diffractometer (Co KR radiation, λ=1.78890 Å ) and compared with diffraction patterns calculated from the single-crystal structural parameters, using the program CrystalDiffract.
25 PXRD was used to qualitatively identify the phases present upon completion of each flux reaction, and conditions were identified that produced each compound as a pure phase.
Magnetic Measurements. Magnetic measurements were made on single crystals (weighing 0.69 mg, EuGa 2 P 2 ; or 0.87 -2.45 mg, EuGa 2 As 2 ) whose identities were verified by single-crystal X-ray diffraction prior to measurement. Crystallographic orientations were not verified prior to measurement because of low crystal symmetry (monoclinic) and anisotropic crystal habits. The crystals were mounted individually, with their long needle axes either parallel or perpendicular to the applied magnetic field. In both phases the long needle axis coincides with the crystallographic b-axis. For both the perpendicular and the parallel orientations, the crystals were mounted on thin Mylar strips and covered with Kapton tape. This method of sample preparation provides a negligible signal from the sample holder, so the data were not corrected. The samples were then mounted in drinking straws, and magnetization versus temperature (ZFC/FC sequences, 2-320/280-2 K) measurements were recorded in applied fields of 0.01, 0.1, and 1 T using a Quantum Design MPMS superconducting quantum interference device (SQUID magnetometer). Magnetization versus field measurements (-5 T to 5 T) were also recorded in both orientations for the samples at T=5 K.
Transport Properties. Electrical transport measurements were made with four platinum leads attached along the needle axis (b-axis) of EuGa 2 P 2 and EuGa 2 As 2 with silver paint (approximate crystal dimensions for both were 2 Â 2 Â 3 mm 3 ). In light of the complicated magnetization versus temperature and magnetization versus field data collected in the experiments above (described in the Results section, vide infra), only one orientation of crystals, with their b-axes coincident with H, was measured. Several different crystals of each phase were measured and provided consistent results. A Keithley model 224 current source and model 181 voltmeter were interfaced to the SQUID magnetometer for the measurements. A constant current (I) of 1 mA was applied along the b-axis through the two outer leads. The voltage drop (V) between the two innermost electrical contacts was measured. The data followed Ohm's Law, V = IR (R = resistance). Resistivity, F, was determined at each temperature by means of the equation F=RA/l, where A= cross-sectional area and l=length between the innermost silver paint contacts of the voltage leads. Resistivity as a function of temperature at several applied fields, ranging from 0 to 5 T, was measured for each of the samples.
Results and Discussion
Crystal Structures. The most commonly observed structure types for compounds of the composition AM 2 X 2 (A = electropositive element, M = transition or main group metal, and X=element from Group 13, 14 or 15) are the tetragonal ThCr 2 Si 2 (I4/mmm), closely related CaBe 2 Ge 2 (tetragonal, P4/nmm), and trigonal CaAl 2 Si 2 (P3m1) structure types. 18, 22, [26] [27] [28] [29] AM 2 X 2 phases can theoretically achieve a remarkable structural diversity, depending on factors such as the relative sizes and coordination preferences of the large number of elements that can be accommodated, and by taking advantage of the variable connectivity possible for main group polyanions. Thus, our group has recently reported the synthesis and structural characterization of hexagonal EuIn 2 Pn 2 compounds (Pn = P, As; P6 3 /mmc), 8, 14 which display structural similarities to the three common AM 2 X 2 structure types. The ThCr 2 Si 2 , CaBe 2 Ge 2 , CaAl 2-Si 2 , and EuIn 2 Pn 2 structure types all consist of [M 2 X 2 ] nanionic layers, which alternate with cation layers along one crystallographic direction. The coordination environments and bonding arrangements within the M-X layers vary between the structures, as do the space group symmetries.
Structural diversity in the AM 2 X 2 structure type is further exemplified by the two new compounds reported herein, EuGa 2 P 2 and EuGa 2 As 2 , which crystallize in an unprecedented, monoclinic structure type that is related to the layered, hexagonal 2-anionic unit of EuIn 2 Pn 2 in terms of the connectivity of M 2 Pn 6 ethane-like moieties. The structures further differ in the number of crystallographically distinct europium atoms, which reside between the anion layers in both structures, with only one Eu site in the indium compounds as opposed to three in the lower symmetry gallium analogues. 8, 14 A view of the structure of EuGa 2 Pn 2 is shown in Figure 1 . Tables 2  and 3 provide positional parameters and selected distances and angles. The local coordination environments are tetrahedral Ga and pyramidal P or As. The Ga atoms are found in connected pairs, with each Ga additionally bonded to three Pn, forming an ethane-like moiety in a staggered conformation. In contrast, in EuIn 2 Pn 2 , the In 2 Pn 6 moiety is found in an eclipsed conformation, which establishes the hexagonal symmetry. A similarly staggered, ethane-like moiety, Ga 2 Sb 6 , is observed in BaGa 2 Sb 2 , 30 which displays yet another AM 2 X 2 structure type in which the M 2 Pn 6 units are connected into a 3D anionic framework. In EuGa 2 Pn 2 the connectivity of the staggered moiety results in a two-dimensional layered structure, with layers of Eu 2þ between the [Ga 2 Pn 2 ] 2-layers, rather than in a three-dimensional network with cations in cavities. [010] view of the structure of EuGa 2 As 2 (EuGa 2 P 2 is isostructural) showing the anionic layers with Eu cations. The crystallographic sites are labeled. Eu, Ga, and As atoms are indicated by green, gold, and gray spheres, respectively. Crystallographically distinct Eu cations are differentiated with different shades of green. (14) 0.007 0.0137 (7) a U eq is defined as one-third of the trace of the orthogonalized U ij tensor. Figure 2 . When the structure is viewed along [101], sets of three parallel dumbbells of Ga connected to one another through a set of single, nearly perpendicular dumbbells are apparent. This connectivity results in Ga 2 Pn 4 sixmembered and Ga 3 Pn 2 five-membered rings, as seen when the structure is viewed along [010] (Figures 1 and 3) . For the central dumbbell (Ga(4)-Ga(4)) of each parallel set, pairs of gauche Pn atoms are shared with each of six neighboring dumbbells, four of which are the outer parallel dumbbells and two of which are the central parallel dumbbells. The outer parallel dumbbells (Ga(2)-Ga(3)) share pairs of gauche Pn atoms with two central parallel, two outer parallel, and two perpendicular Ga 2 Pn 6 moieties. Finally, the perpendicular dumbbells (Ga(1)-Ga(1)) share pairs of gauche Pn atoms with two perpendicular and four outer parallel dumbbells, two from each neighboring set of three parallel dumbbells.
The anions of the structure exhibit uncommon Ga-Ga bonds, which are 2.4048(6), 2.4703(9), and 2.4922(9) Å (EuGa 2 P 2 ) and 2.4137(7), 2.4578(10), and 2.4728(10) Å (EuGa 2 As 2 ) for Ga(2)-Ga(3), Ga(4)-Ga(4), and Ga(1)-Ga(1), respectively. These distances correspond to approximately twice the covalent radius of Ga (2r Ga = 2.44(4) Å ).
31 Ga-Ga dimeric units are known primarily in discrete gallium-halide complexes and in the binary phases GaQ (Q=chalcogen). 32 The [Ga 2 Pn 2 ] 2-repeat of the major anion can be viewed as a dimer of a oneelectron reduction product of the corresponding GaPn The occurrence of a Ga-Ga bond is thought to reflect a formal Ga oxidation state of þ2, 30,32 e.g., for the major structures, (Eu) 2þ (Ga 2 ) 4þ (Pn 2 ) 6-. The Ga-Pn distances in the compounds range from 2.4023(12) to 2.4558(13) Å in EuGa 2 P 2 and from 2.4945(7) to 2.5395(7) Å in EuGa 2 As 2 . Figure 3 shows how the EuGa 2 Pn 2 structure can be modified to attain a structure with the stoichiometry Eu 3 Ga 2 Pn 4 , surmised from the residual electron density, as described in the experimental crystallography section above. The proposed minor structure contains 4 crystallographically distinct Eu sites and one-dimensional Ga/ Pn anionic chains, as shown in Figure 4 . Interchangability of a A 2þ cation with two Ga atoms has also been observed in A 7 Ga 2 Sb 6 (A = Sr, Ba, Eu).
36 Interatomic Eu-Pn distances (including Eu(4P)-Pn distances) range from 2.927(12) to 3.1214(11) Å in EuGa 2 P 2 , and 3.020 (17) to 3.220(14) Å in EuGa 2 As 2 . We assume that the minor structure can be incorporated either as randomly distributed units, or as part of an ordered structure in a larger supercell. Our X-ray data do not allow us to clearly distinguish between these possibilities. We note, however, that the occupancies of the minor structures are statistically different in the two compounds. This suggests a random distribution, rather than a superstructure, because a superstructure should result in equal apparent occupancies. A consequence of the presence of the minor structure is that the crystals are more accurately described by the formula Eu 1þδ Ga 2-2δ Pn 2 , where the refined compositions are Eu 1.018 Ga 1.964 P 2 and Eu 1.014 Ga 1.985 As 2 . Zintl compounds with strict 1-2-2 stoichiometry are expected to be semiconductors, yet metallic behavior is observed for the Eu 1þδ Ga 2-2δ Pn 2 compounds (described below). We suggest that a randomly distributed minority structure as proposed here can give rise to the metallic behavior observed for these phases. However, we also note that metallic behavior was observed for the EuIn 2 Pn 2 compounds, 8, 14 which showed no discernible deviations from 1-2-2 stoichiometry and were also expected to be semiconductors.
Magnetism. EuGa 2 P 2 and EuGa 2 As 2 are magnetic due to the rare-earth element cation Eu 2þ and its f 7 electronic configuration. Magnetic susceptibilities as a function of temperature were measured for single crystals of each compound in an applied field of 0.1 T with the long needle axis, coincident with the b-axis direction, oriented either parallel or perpendicular to the applied field (see Figures 5  and 6 ). The b-axis of the unit cell is also the direction of nearest-neighbor europium cations, with Eu-Eu distances of 3.8967(4) and 4.0294(3) Å in EuGa 2 P 2 and EuGa 2 As 2 , respectively. The Eu-Eu distances in the acplane are slightly longer than those along the b-axis, with shortest distances between Eu cations, Eu(1)-Eu(3) and Eu(1)-Eu(2), of 4.1606(3) and 4.1780(3) Å and 4.2737(3) and 4.2915(3) Å , in EuGa 2 P 2 and EuGa 2 As 2 , respectively.
The compounds are paramagnetic for temperatures above approximately 30 K and the inverse susceptibility is linear as a function of temperature. A Curie-Weiss fit to the data (T>50 K) indicates ordering temperatures (Weiss constants, θ) of 26 K (P) and 21 K (As), which are in close agreement to observed peaks in the susceptibility at approximately 24 K (P) and 20 K (As). The effective magnetic moments calculated from each fit (8.00 μ B for (P) and 7.86 μ B for (As)) correspond well to the theoretical value for a Eu 2þ ion (7.94 μ B ). Magnetic hysteresis data at 5 K are shown as insets in Figures 5 and 6 ; they are consistent with ferromagnetic (FM) ordering for EuGa 2 P 2 and a more complex ordering for EuGa 2 As 2 . For EuGa 2 P 2 , which displays a less-complicated field dependence of the magnetization, the saturation magnetization of 6.3 μ B is slightly less than the theoretical value for Eu 2þ (M sat =7.0 μ B ). The magnetization versus field data for EuGa 2 As 2 indicate several spin reorientations, which are similar in both sample orientations. In both orientations, there is a transition indicated by a change in slope from the lowfield regime (approximately (0.4 T) to a higher-field regime before the compound becomes saturated at approximately 4 T. However, in the perpendicular orientation, this low-field region can be divided further into two gradually increasing, linear regions ((0.1 T and (0.1 to ( 0.4 T); this may indicate two separate ordering events. Mild hysteretic behavior is also observed in the FM regime, between (0.4 and (2 T, typical of a soft ferromagnet. The saturation magnetization is slightly lower with the crystal oriented so that its long needle axis is perpendicular to the applied field. At H = 4 T, the saturation magnetization values in the parallel and perpendicular orientations are, respectively, 7.38 and 6.93 μ B , near those expected for Eu 2þ (7.0 μ B ).
Susceptibility versus temperature was additionally measured for the phosphide and arsenide in several applied fields (H = 0.01, 0.1, and 1 T (Figures 7 and 8) ) with the b-axis either parallel or perpendicular to the applied field. At all measured fields, magnetic anisotropy is observed for EuGa 2 P 2 at temperatures below approximately 40 K, and for EuGa 2 As 2 , at temperatures below approximately 20 K, although for the phosphide the degree of anisotropy in the highest measured field is not as significant as in the arsenide. In the 0.01 T data set, two magnetic transitions are observed for EuGa 2 P 2 : a sharp downturn in the susceptibility at approximately T=26 K in both orientations, indicative of antiferromagnetic (AFM) ordering of the Eu 2þ cation spins, and a small rise in the susceptibility (T ≈ 6 K) when the b-axis is perpendicular to H, indicative of FM ordering of at least some of the cation spins at lower temperatures. The latter transition appears to be absent in the data acquired in the parallel orientation. For EuGa 2 As 2 at H=0.01 T, the orientation dependence of the susceptibility is less pronounced. Both orientations show a broad downturn in the susceptibility, centered around T=16 K, characteristic of AFM ordering. It is possible, given the breadth of this transition, that two distinct magnetic transitions are occurring in the arsenide, analogous to the behavior observed for the phosphide, although the two transitions are at closer temperatures in the arsenide. Thus, it can be concluded for both compounds that the crystallographically distinct europium cations may behave as (at least) two distinct, magnetically ordering substructures, which order at different temperatures and in different ways (i.e., FM ordering for some cations in EuGa 2 P 2 , versus all AFM ordered cations in EuGa 2 As 2 . The observation of at least two distinct ordering transitions in the low field data is not unexpected, given that there are at least three crystallographically distinct Eu 2þ cation sites in the monoclinic crystal structure, and these sites may order independently at different temperatures. With Eu M :: ossbauer spectroscopy, we have established an analogous behavior for Eu 3 InP 3 .
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Upon increasing the applied field to H=0.1 T, only a single magnetic transition is observed for EuGa 2 P 2 with the long needle axis oriented perpendicular to the applied magnetic field at T ≈ 26 K; below this temperature, the magnetization rises monotonically. Similarly, in the same field, only a single magnetic transition is observed for EuGa 2 As 2 at approximately 20 K, but in the parallel crystal orientation. Below this temperature, the magnetization in this orientation appears saturated. For each compound, in different orientations (parallel for EuGa 2 P 2 , perpendicular for EuGa 2 As 2 ), broad downturns in the susceptibility, indicative of AFM ordering, are observed near the highest ordering temperatures observed at lower field; no obvious lower temperature ordering event is observed for either compound. For EuGa 2 As 2 , the AFM transition is observed with the field applied in the direction of the nearest-neighbor europium cations (along [010] ). For the phosphide, the AFM transition at 0.1 T must involve coupling of more spatially separated Eu cations in the ac-plane. The observed AFM transitions are broad for both compounds, occurring over an approximately 4 K temperature range in the phosphide and an approximately 10 K temperature range in the arsenide. This is suggestive of spin frustration or spin glass behavior. This hypothesis is additionally supported by the divergence of the ZFC/FC curves below the highest temperature ordering events.
Upon further increase of the applied field to 1 T, the divergence in ZFC/FC data is not significant for EuGa 2 P 2 , even though it is more apparent for EuGa 2 As 2 . Furthermore, the downturn in the susceptibility is lost for EuGa 2 P 2 , while it is largely retained in EuGa 2 As 2 . The curves for both orientations of the phosphide are suggestive of FM, rather than AFM, ordering at 1 T. For EuGa 2 As 2 measured at 1 T in both orientations, the broader transition and more discernible ZFC/FC divergence (when compared with the 0.1 T data sets) still suggests a three-dimensional, highly spin-disordered system. Below the broad transition from approximately 20-10 K in EuGa 2 As 2 , the field-cooled susceptibility increases monotonically with decreasing temperature in both orientations, while the ZFC susceptibility in both orientations increases with increasing temperature over the same range. This behavior is consistent with a "frozen," spin-disordered system, suggestive of attempted ferromagnetic ordering of the cation spins for the arsenide. Such ordering is apparently more facile for the phosphide.
Magnetoresistance. Standard four-probe resistivity measurements were made at zero field and several applied fields for the compounds along the b-axis. The data are shown in Figure 9 . When the compounds are cooled from room temperature in the absence of an applied field, their resistivity decreases with decreasing temperature, consistent with metallic behavior. At 160 K (well above the magnetic ordering temperatures) in zero field, the measured resistivities for EuGa 2 P 2 and EuGa 2 As 2 are 1 Â 10 -3 and 2 Â 10 -5 Ω m, respectively. The resistivity trend is therefore EuGa 2 P 2 > EuGa 2 As 2 , in keeping with the expected trend toward increased metallicity (decreased resistivity) upon descending the periodic table. Over the entire temperature range, the compounds may be classified as metals on the basis of the order of magnitude of their electrical resistivities. However, for the least metallic phase, EuGa 2 P 2 , resistivity values are intermediate between those expected for a semiconductor and for a true metal; EuGa 2 P 2 may therefore be classified as a poor metal.
Magnetoresistance is not expected for substances having metallic conductivity; typical metals have magnetoresistance of less than 2%, which is due to magnetic fieldinduced changes in the spin-disorder scattering of the electrical carriers by phonons. However, the title compounds are truly poor metals, or semimetals, which additionally have localized magnetic moments that can affect resistivity in a temperature-and field-dependent fashion, because of magnetic disorder scattering of the conduction electrons by the local moments. For metallic magnets with band structures having valence levels lying near expected metal-insulator transitions, magnetoresistance is frequently observed. Thus it is not surprising that the title compounds exhibit compositionally dependent magnetoresistance, most pronounced near their magnetic ordering temperatures. It is interesting to note that on the basis of the classical definition of a Zintl phase, with each atom in the structure having a closed shell electronic configuration, the compounds are expected to be semiconductors with an energy gap between filled and unfilled levels. However, the present compounds are composed of heavy elements, and thus any observed band gap is expected to be small and/or lie near a compositionally dependent metal-insulator boundary. The slight nonstoichiometry attributed to the minor phase may also have an effect, resulting in metallic properties.
The zero-field resistivity increases near the magnetic ordering transition, at 24 and 20 K for EuGa 2 P 2 and EuGa 2 As 2 , respectively. The compounds are negative CMR materials, with MR (MR=[(F(H) -F(0))/F(H)] Â 100%) of -80 and -30% for EuGa 2 P 2 and EuGa 2 As 2 , respectively. Positive MR behavior occurs at lower temperatures and is associated with AF ordering of localized moments, which cause increased carrier scatter (and increased resistivity) upon increasing the applied field. The observation of both positive and negative MR for these compounds is not unexpected from the magnetic data, which show multiple ordering transitions, both FM and AFM, potentially belonging to multiple crystallographically distinct magnetic cation sites.
Conclusion
EuGa 2 P 2 and EuGa 2 As 2 represent two new, rare earthcontaining Zintl compounds with a new structure type, prepared via flux synthesis. The structure is composed of Figure 9 . Resistivity as a function of magnetic fields vs temperature measured with the leads attached along the b-axis of (a) EuGa 2 P 2 (with magnetic fields of 0T, blue circles; 0.5T, pink squares; 1T, pink diamonds; 3T, orange squares; and 5T, green triangles) and (b) EuGa 2 As 2 (with magnetic fields of 0T, blue circles; 1T, pink squares; 2T, pink diamonds; 3T, orange squares; and 5T, green triangles). The insets show resistivity as a function of applied field at the temperatures indicated.
shared Ga 2 Pn 6 subunits that form an anionic layer interspersed with three crystallographically distinct Eu 2þ cation sites. There is a small amount of electron density that has been modeled as a minor structure (e2%). Our observations suggest that this minor structure can be accommodated within the main structure, and is randomly distributed in the crystal. The minor structure provides a slight variation in composition and may contribute to the metallic properties observed for these compounds. The tendency for the phosphide is to order ferromagnetically as compared with the arsenide, where there is a greater tendency to order antiferromagnetically. Additionally, there is a significantly more complicated field dependence behavior observed for EuGa 2 As 2 , compared to EuGa 2 P 2 . This difference is attributed to greater coupling strength in the phosphides due to shorter Eu 3 3 3 Eu distances. Both compounds show significant negative magnetoresistive behavior, which is unexpected for metallic compounds such as these. The magnetoresistance decreases from the phosphide (-80%) to the arsenide (-30%). The difference is expected on the basis of the magnetic coupling strength. Comparing the properties of EuIn 2 Pn 2 and the EuGa 2 Pn 2 compounds (Pn=P, As), larger Weiss constants, and higher ordering temperatures for the phosphides relative to the arsenides indicate a more favorable exchange energy (lower energetic barrier to coupling). Because communication of the local moment spin alignment occurs through the conduction electron wave function, according to RKKY theory, more tightly coupled local spins will more heavily influence the delocalized carriers, thus leading to greater magnetoresistance. These two new compounds add to the growing number of Zintl phases with unique magnetic and electronic behaviors, which in the present compounds include anisotropic, metallic magnetic behavior and magnetoresistance. Furthermore, the compounds exhibit exotic magnetic and electronic behavior in being magnetoresistive metals, as do many other AM 2 X 2 compounds, suggesting that this composition may somehow give rise to atypical magnetic and electronic behavior.
